We have measured the radial light profiles of the five brighter clusters in the Fornax dwarf elliptical galaxy. We find that the clusters fall into two structural groups. Hodge clusters Nos. 1 and 2 have similar core radii which are twice the core radii of clusters Nos. 3, 4, and 5. Clusters Nos. 1 and 2 appear to fit truncated King models. Clusters Nos. 3, 4, and 5 do not fit the King models but show an extended halo structure with no evidence of tidal truncation. We conjecture that clusters Nos. 1 and 2 have interacted dynamically with each other while the other clusters have had no such interaction over their lifetime.
INTRODUCTION
The Fornax galaxy is the largest of the dwarf elliptical systems still orbiting the Galaxy. It has a population of globular clusters (Baade & Hubble 1939; Hodge 1961 Hodge , 1965 which, in composition (Zinn & Persson 1981; Rodgers & Harding 1989) and in the general properties of the colorluminosity diagrams (Buonanno et al 1985) , are closely matched by the globular clusters which are now conspicuous members of the Galactic halo. The Fornax clusters offer the opportunity to explore two facets of the formation and evolution of clusters in premerged systems unavailable to studies of their Galactic counterparts. Firstly, cluster No. 4 of Hodge which is nearest the center of the Fornax galaxy, is nearly an order of magnitude more metal rich than the others in the galaxy and may relate Fornax to the nucleated dwarf elliptical galaxies (Zinnecker et al 1988) that have been proposed as parental systems of the Galactic halo. Secondly, and more importantly, the dynamical environment and history of the Fornax clusters are distinctly different from those of the globular clusters now in the Galactic halo. In the Galaxy, the effects of interactions between the clusters and the Galactic central potential, the disk potential and giant molecular clouds is evidenced by the cutoff seen in the radial light and density profiles of well studied Galactic clusters. The current picture of the structure of Galactic globular clusters has developed from the ideas of Chandrasekhar (1960 ), von Hörner (1957 , Woolley (1954) , Michie (1963) , King (1966a) , and Spitzer (1985) that clusters are represented by a truncated quasi-Maxwellian velocity distribution established by collisionless interactions in the central regions, the distribution functions of the outer parts of the cluster being set largely by the effects of tidal forces in play during the Galactic life of the cluster. In some clusters, such as M3, M92, and M13, proper motion and velocity data allow the effects of anisotropy of the velocity field to be studied (Lupton et al 1985) and in other careful works (Da Costa 1982; Illingworth 1976 ) the effects of mass stratification, including the dynamical role of stellar remnants on the observed light distribution have been modeled together with the observed velocity distributions. The definition of the observed tidal cutoff is itself no simple issue. The interpretation of the light profile in the outer parts of clusters can depend on assumptions about the isotropy of the velocity distribution and on the net angular momentum of the cluster outskirts. Weinberg (1993) has emphasized the role of tidal forces in the evolution of the structure of Galactic clusters. Grillmair (1992) has produced evidence that faint tidal tails can be found associated with some clusters. The notion that stars outside the inner Lagrangian point are lost to the cluster is thus not a clear cut one. A further complication is that the tidal perturbation can be static-or impulse-like and have varying effects, depending on this time scale, compared to orbital periods in the outer parts of the cluster. These tidal effects operate on the Galactic clusters simultaneously with the dynamical evolution of the cluster involving energy exchange between the cluster core and envelope (Lynden-Bell & Wood 1968) .
In contradistinction, the effects on the structure of clusters in the less disruptive milieu of the Fornax dwarf galaxy may be visible, providing clues to the initial conditions of the formation of globular clusters and the extent to which they are mirrored in the structures of those clusters as seen today.
In this paper we describe the observation of the radial light profiles of the five brighter globular clusters in the Fornax dwarf galaxy.
OBSERVATIONS AND REDUCTIONS
The reimaging system attached to the Nasmyth focus of the 2.3 m alt-az telescope of the Australian National University (Rodgers et al 1993) has a field of 6.6 arcmin and with the IkXlk Tektronix CCD at the //3.6 transferred focus, a scale of 0.6 arcsec/pixel. In the design of this instrument, considerable effort was made to ensure uniformity of throughput across the albeit small field of the telescope. The Fornax clusters, Hodge Nos. 1, 2, 3, 4, and 5 were observed in the V band and clusters Nos. 4 and 5 were observed in I. For each cluster in each band, the exposure time was made up of 6X300 s subexposures. The seeing, which is an important constraint in these observations, ranged from 1.5 to 2.4 arcsec FWHM for a stellar image. Twilight flatfield images were obtained in the V and / bands.
Reductions were made using the IRAF data analysis packages to subtract bias frames, flatfield the data, and combine the 300 s exposures of each cluster. The centroid of each cluster was computed using the tasks imexamine, pradprof, and IMCNTR, giving cluster centers accurate to ±0.2 pixels. The task pvector was used as part of a routine created by W.H.R. to generate radial profiles of the clusters, starting at the measured centers and with a range of position angles for the radial vector. Linear plots of the profiles, appropriately scaled, allowed the mode of the distribution of sky pixels to be determined for each combined exposure; these modal values were taken as the sky to be subtracted. Typically, the radial profiles reach a uniform sky level at distances greater than 100 pixels (60 arcsec) from the cluster centers. Following sky subtraction, we again used the mode of the distribution of intensity along, and on, the shoulders of the cluster radial profiles to distinguish the cluster profile from the superimposed bright stellar'images. The resultant profiles were examined as a function of position angle to determine if significant departures from circular symmetry were shown by any of the clusters. We were not able to establish any such ellipticity of the cluster isophotes.
TIDAL RADII IN FORNAX
The stellar surface density of the Fornax dwarf galaxy has been studied by Eskridge (1988) who found that it had elliptical isodensity contours and a radial profile that was well fitted by a strongly truncated King model. He found a core radius of 16.8 arcmin and a tidal radius of 108 arcmin. At a distance of 123 kpc (Rodgers & Harding 1989) , these correspond to 0.60 and 3.87 kpc, respectively. The tidal radius of the galaxy is consistent with the mass estimate 1.7Xl0 7^o made by Eskridge: the above distance estimate and a mass of the Galaxy of 2.7XlO n^# o out to R = 120 kpc. The tidal forces on the Fornax clusters due to the other clusters in Fornax can be estimated to lead to tidal radii of 700 pc and the tidal effects of the central potential of the galaxy result in a tidal truncation at typical radial distances of 290 pc. The clusters of Fornax should, in general, be free of tidal effects out to distances of 290 pc, i.e., 480 arcsec or, in our case, 800 pixels.
COMPARISON WITH KING PROFILES
In Figs. 1-5 we show the radial profiles in the F band of the Hodge clusters Nos. 1-5. For each cluster we show representative King (1966a) models. The effects of seeing on the observed profiles are significant near the cluster centers where the signal/noise ratio of the profiles is highest and where the core radius is most strongly determined. We have cqnvolved the King model profiles with the observed seeing profile for each cluster and they are plotted in Figs. 1-5 . The convolution procedure is iterative with a first step being the fitting of the observed profiles to the unconvolved King models. This approximately relates the core radii of the models to the cluster core radius in arcseconds. It is then possible to broaden the King profiles using the measured seeing profile; we did this by assuming the seeing profile was a box function with the same FWHM as the measured seeing. The convolution was performed as a one-dimensional broadening of the King profile. Kalnajs (1993) has pointed out that this procedure leads to an overestimate of the core radius since the broadening of the observed cluster profile by seeing is a two-dimensional process. The magnitude of the seeing broadening of the core can be estimated from the fact that we derive typical core radii for clusters Nos. 3, 4, and 5 of 6 pixels (3.6 arcsec) while the HWHM of the stellar seeing profile was 2 pixels (1.2 arcsec). With these parameters, the convolved King profiles are little different from the unconvolved profiles except for the model with log r / /r c =0.5. In the outer parts of the clusters, the effects are, of course, negligible.
The most striking feature of the comparisons with the King models shown in Figs. 1-5 is that, with the derived core radii, there is not a good fit to the observed profiles for clusters Nos. 3-5 while cluster No. 1 is insufficiently populous to allow a good measure of its radial light distribution. Cluster No. 2 appears to be a good fit to the King models. For clusters Nos. 3-5, the sense of the difference is that the Fornax clusters show an extended halo which has a characteristic length which increases with radius. We list in Table 1 the derived values of the core radii for the clusters, noting that they are upper limits, together with the central velocity dispersions measured by Dubath et al (1992) In Figs. 6 and 7 we show the radial profiles of clusters Nos. 4 and 5 observed in the / band. The higher sky brightness in / allows less certain determination of the cluster background than for the V measurements but the same sense of divergence from the King models is observed as for the visual observations. Both clusters Nos. 4 and 5 show a radial iV-I) color gradient which is stable against the adoption of varying amounts of sky background. The color gradient is in the sense of excess red stars in the cluster centers and is presumably due to a relative central concentration of luminous red giants in these clusters.
The Fornax clusters appear to fall into two groups. Clusters Nos. 1 and 2 have similar core radii and follow truncated King type profiles. Clusters Nos. 3, 4, and 5 have similar, smaller core radii and extended halos not well fitted by King models. These groupings do not correlate with the differing compositions of the clusters or their horizontal branch morphologies, adding further evidence that cluster formation and evolution in Fornax was a complex and diverse process.
DISCUSSION
One of the motivations for the photometry of the Fornax clusters presented here was to see if the radial profile of the cluster No. 4 differed from the other clusters in any systematic way. We speculated that cluster No. 4 was near centrally located in the galaxy and that, since it was significantly more Fig. 1 . The radial intensity profile of Hodge cluster No. 1 in V light (filled circles). As described in the text, the mode of the intensity distribution at various azimuths is taken as the cluster profile. In the case of this sparse cluster, the effect of bright stars superimposed on the profile is seen. Error bars represent the uncertainties in the modal sky determination. Solid lines represent the seeing convolved King models for log r t ¡r c from 0.75 (0.25) to 2.5 and the isothermal model. (Rodgers & Harding 1989 ) so a characteristic time since this encounter could be -1.5X10 8 y. The profiles of the Fornax clusters Nos. 3, 4, and 5, differing as they do from typical Galactic examples, show the expected absence of a tidal truncation. The increasing trend toward an extensive halo with increasing radius presumably results from initial conditions and the dynamical evolution of the clusters over their lifetime. The key properties of the stellar orbits in the center of clusters have been outlined by Oort & van Herk (1959) and King (1966a) . Over the cluster lifetimes, mixing is complete and interaction times are short. The resultant near Maxwellian velocity distribution governs the form of the inner radial profile. The dominant processes in the Galaxy establishing a tidal truncation to the globular clusters and the short relaxation times in cluster cores mask any imprints of initial conditions in the outer parts of the clusters, as the excellent fits between the observed and computed profiles found by King (1966b ), Da Costa (1977 , and Lupton et al. (1985) attest. The dynamical evolution of the clusters through the gravothermal collapse discussed, inter alia, by Lynden-Bell & Wood (1968) , King (1985) , and reviewed by Spitzer (1985) , can play a major role in establishing the current cluster core profile. In the Galaxy, one fifth of clusters show possible evidence of core collapse (Chernoff & Djorgovski 1989 ) as a central radial cusp. The cusp, evident in so many Galactic globular clusters, would, of course, not be detected in our observations of the Fornax clusters due to the restricted spatial resolution available to us. The deviations of the three Fornax dwarf globular clusters from the tidally truncated models of King are striking and there is little doubt they are largely associated with the absence of tidal disruption in the Fornax dwarf environment; however, it is worth noting that deviations of the kind observed are also possible due to increasing anisotropy of the stellar orbits in the outer parts of the cluster as demonstrated by King (1975) . Heggie (1985) has investigated the post-core collapse evolution of clusters using gaseous model simulations and a more realistic Fokker-Plank approach. As he stated then and what is even more true today, the increased computing power available makes «-body simulations (where n is the number of stars in real clusters) of globular cluster evolution without the complication of significant tidal effects, a realistically promising approach to these questions.
